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Abstract
Polyacrylamide hydrogel films cross-linked with the peptide sequence AAPVAAK were synthesized on piezoelectric quartz crystals. Degradation of the hydrogel films was monitored using a combination of quartz crystal microbalance (QCM) and electrochemical impedance measurements. The films were shown to degrade in the presence of human neutrophil elastase (HNE). The rate of degradation was directly related to the enzyme activity making the system suitable for the detection of HNE in the activity range from 0.72 to 30 U mL-1. The films were not affected by non-specific adsorption. Film degradation was only accompanied by changes in the QCM signal, while no significant impedance change was observed during degradation.
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Introduction
Human Neutrophil Elastase (HNE), the enzyme of interest in this project, is often implicated in diseases related to respiratory disorder such as chronic obstructive pulmonary disease (COPD) and adult respiratory distress syndrome (ARDS) in humans  ADDIN EN.CITE [1, 2]. In periodontitis, HNE provided an indication of the severity of the disease as concentrations of HNE during inflammation increases in the interstitium of the periodontal tissue and in gingival crevicular fluid which may lead to tissue disintegration  ADDIN EN.CITE [3, 4]. HNE activity in gingival crevicular fluid was used as an excellent quantitative measure of gingival inflammation  ADDIN EN.CITE [4]. Early detection of these diseases provides rationale for delivery of an effective protease inhibitor and administration of the proper drugs, which could provide immediate treatment decisions preventing unnecessary treatment [1]. 
Photometric methods such as colorimetry and fluorimetry are the most frequently used of all kinds of instrumental-based enzyme assay. Enzymatic degradation of natural or synthetic substrates labelled with chromophoric or fluorimetric compounds were measured and correlated to the concentration of enzymes in solution. MeO-Suc-Ala-Ala-Pro-Val-AMC was the substrate used by Herrmann et al. to assess elastase activity in gingival crevicular fluid as a quantitative measure of gingival inflammation. Elastase activity as low as 0.481 U mL-1 was detected in sampled teeth of uninfected patients  ADDIN EN.CITE [4]. Unfortunately, chemical modifications of synthetic substrates for labelling might reduce or inhibit the affinity of the resulting compound to the target molecule due to conformational changes. As a result, the detection sensitivity of photometric-based assays could be substantially reduced  ADDIN EN.CITE [6]. Moreover, the assays were time consuming and required a few hundred micro litres of sample[2].
Disposable biosensors based on the degradation of thin polymer films have been shown to be suitable for the detection of various enzymes  ADDIN EN.CITE [8-16]. Natural substrates and synthetic polymers with suitable cleavage sites were coated onto sensor substrates. The rate of degradation of the coatings was found to be directly related to the enzyme activity. Various detection principles were used in this sensor format such as holographic sensors  ADDIN EN.CITE [10, 11], impedance measurements at interdigitated electrodes coated with degradable thin films [15], surface plasmon resonance (SPR) and a quartz crystal microbalance (QCM)  ADDIN EN.CITE [9, 12, 16, 17]. Natural enzyme substrates employed in enzyme detectors based on thin film degradation included gelatine used for the detection of trypsin [10] and collagenase [11], fibrinogen for the detection of human neutrophil elastase [16], BSA cross-linked polyacrylamide for the detection of pepsin [16] and dextran cross-linked with hexamethylene diisocyanate for the detection of dextranase activity [17]. Limitations of natural substrates, particularly in the case of proteins, are the lack of specificity and limited control of film properties. For example, Saum et al. monitored collagenase activity by depositing its natural substrate gelatine onto interdigitated electrodes [8]. Collagenase concentrations as low as 0.2 mg mL-1 were detected; however, only low electrolyte concentrations could be used for reliable impedance measurements due to the hydrophilic nature of the films.
Synthetic enzyme substrates provide the option of introducing a single cleavage site into the sensitive film and of fine tuning the properties of the films for high sensitivity and specificity. Sumner et al. described a poly(ester amide) based on bis(L-phenylalanine),-alkylene diesters for the detection of -chymotrypsin  ADDIN EN.CITE [9, 12]. Specificity for -chymotrypsin was achieved due to the aromatic side chain in phenylalanine. The enzyme directly cleaved available ester and peptide bonds, showing a direct relationship between enzyme concentration and the rate of film degradation. Enzyme concentrations as low as 410-11 mol L-1 were detected in less than 30 minutes. Film degradation was monitored using SPR, QCM and impedance measurements. A drawback of this system was the strong effect of non-specific binding on the sensor performance. 
In contrast, sensor coating based on a dextran hydrogel were not affected by the presence of protein in the measurement medium [9]. 




All chemicals and solvents were of analytical grade, purchased from Aldrich and used without further purification. Dichloromethane (DCM) was dried over calcium chloride and distilled under N2. Dimethylformamide (DMF) was dried with 4 Å molecular sieves powder of 2 m particle size. Triethylamine (TEA) and diisopropylethylamine (DIPEA) were dried over 4 Å molecular sieves. 
The peptide with the sequence Ala-Ala-Pro-Val-Ala-Ala-Lys (AAPVAAK) was prepared by conventional peptide synthesis, purified by HPLC and lyophilized to give the trifluoroacetate salt and was used in this form. Human Neutrophil Elastase (HNE) from human sputum, MW 29.5 kDa was obtained from Elastin Products, USA. It had an activity of 876 U mg-1 (1 unit of elastase activity was defined as the quantity of enzyme that liberated 1 mol of p-nitroanilide from the substrate MeO-Ala-Ala-Pro-Val-p-nitroanilide in 1 min).
Phosphate buffered saline (PBS) (10 mmol L-1) was prepared at pH = 7.4 with 140 mmol L-1 NaCl. Water was purified through a Milli-Q ion exchange system (Millipore, 18 M cm) and used to prepare all buffer and enzyme solutions. A stock solution of the enzyme Human Neutrophil Elastase was prepared as follows: 0.0705 g CH3COONa∙3H2O was dissolved in 250 mL of ultra-pure water. The pH was brought to 5.0 by adding glacial acetic acid. 5.0 mL of glycerol was then added to 5.0 ml of the freshly prepared buffer.  The solution (730 L) was added to a vial containing 0.1 mg HNE to give a stock concentration of 120 U mL-1 HNE.
10 MHz AT-cut polished quartz crystals with chromium and gold electrodes were purchased from Elchema (USA). Immediately prior to use, the quartz crystals were cleaned with piranha solution (concentrated H2SO4/H2O2 (20% by volume) (70:30 v:v), highly corrosive!) at 100oC for 20 minutes. They were then rinsed copiously with ultra-pure water before drying with a stream of N2 gas. Cleaned crystals were immersed in a solution of 1-hydroxyundecanthiol (50 mg) dissolved in 50 mL of H2O:Ethanol (1:4) overnight to form a self assembled monolayer. The crystals were then rinsed with ethanol before drying them under a stream of N2 gas. Treated crystals were used immediately for the deposition of hydrogel films.
Modification of peptide 
The free amino groups at both terminals of the peptide AAPVAAK were modified with acryloyl chloride in the presence of diisopropylethylamine (DIPEA) as the base (Scheme 1A) adapting a procedure described by Kim and Healy [22]. The peptide in the form of the trifluoroacetate salt (23.5 mg, 16.4 mol) was dissolved in a solvent mixture of dichloromethane: N,N-dimethylformamide (DCM: DMF) (3:2) to give a final concentration of 1.6 mM. DIPEA (104.5 L, 0.6 mmol) dissolved in 50 L DCM were then added and the mixture stirred at 0oC. Acryloyl chloride (27.8 L, 0.3 mmol) dissolved in 1 mL DCM was added dropwise, the temperature of the mixture maintained at 0oC throughout the addition. It was then left to react for a further 20 hours at room temperature. DMF solvent was then partially removed by high pressure vacuum evaporator operated for at least 8 hours.  The solid, dissolved in ultrapure water, was dialyzed against ultra-pure water using cellulose acetate dialysis membrane with molecular weight cut off (MWCO) of 100 (Spectra-Por Float-a-Lyzer). Dialysis was carried out for 6 hrs with periodic medium changes; after which the product was lyophilized using a freeze-dryer attached to a vacuum pump.
Synthesis of peptide hydrogel film
Hydrogel films were obtained by UV-initiated radical polymerization of a mixture of the diacrylated peptide with acrylamide (AAm) in the presence of 2,2-dimethoxy-2-phenylacetophenone (DMPAP) – a well known initiator for photo-polymerization reactions  ADDIN EN.CITE [20-22]. AAm (21.3 mg, 0.3 mmol) and the activated peptide (12.0 mg, 0.015 mmol) were dissolved in DMF (230 L) in separate vials and then mixed together. DMPAP (20 mol % with respect to AAm) (15.4 mg, 0.06 mmol) initially dissolved in the solvent N-vinylpyrrolidinone (20 L) was then added to the solution containing acrylamide and activated peptide. The resulting solution was vortexed and then purged with N2 gas for several minutes to remove dissolved oxygen. A gold-coated quartz crystal (previously cleaned and pre-treated with an alcoholic solution of 1-hydroxyundecanthiol) was placed on the chuck of the spin coater and the reaction mixture (20 L) was deposited onto the quartz crystal. The spin coater was then closed and sealed immediately. A thin film was formed after spin-coating the mixture at 4000 rpm for 25 seconds using a model G3-8 spin-coater (supplied by PI-KEM Ltd, UK). The wet film was then photo-polymerized by exposing it to a 100 W ultraviolet light source (10 mW cm-2, 365 nm) at a distance of 7.5 cm for 4 minutes through the lid of the spin coater. Nitrogen gas was purged continuously into the spin-coater throughout the polymerization process to ensure O2-free environment. The formation of the peptide cross-linked polyacrylamide hydrogel is shown in Scheme 1B.
Enzymatic degradation of hydrogel films
A custom-made cell was used to house the coated quartz crystal for combined QCM and electrochemical impedance measurements [17]. QCM and electrochemical impedance measurements were conducted using the experimental setup described by Sabot and Krause [17]. For QCM measurements, quartz crystal admittance spectra (201 points, ac stimulus 160 mV, acquisition time 1 s) were recorded. Spectra were centred at the QCM resonant frequency (~10 MHz) and recorded every 30 s. For electrochemical impedance measurements an ac stimulus of 20 mV was applied and impedance was recorded in the range between 10 Hz and 100 kHz, one full spectrum (25 points, acquisition time 6 sec) every 30 seconds. PBS (1.5 mL) was added initially into the cell, and the system was left to reach equilibrium for at least 60 minutes. Constant homogenization of the buffer solution was achieved through magnetic stirring at 700 rpm. To achieve the HNE activities shown in the results, 1 mL of HNE solution obtained by diluting the HNE stock solution with PBS was added to the cell. Enzymatic degradation was performed at 370C in an incubator. Solutions and QCM cell were left to equilibrate at that temperature prior to the start of the experiment.
NMR spectra
1H NMR spectra were recorded on a Bruker AC250 spectrometer in H2O:D2O (9:1) at room temperature.
Microscopic Images
Optical images of hydrogel films were recorded on Olympus BX60F with an attached colour video camera, JVC (KY-F558)
AFM images
Topography images of hydrogel films were taken on Veeco Ltd. Explorer Scanning Probe Microscope in AFM mode, scan over an area of 100 x 100 m in tapping mode. Cantilever used are Veeco Nano Probe 1650-00 with spring constant 42 N m-1.

Results and Discussion
Synthesis of the activated peptide. 
The peptide cross-linker was synthesized by acrylation of the two amine groups in the peptide sequence AAPVAAK as shown in Scheme 1A. Figure 1 shows the 1H NMR spectrum of the activated peptide. Three groups of signals were observed between 5.5 – 6.5 ppm, which are typical positions of olefinic protons showing the successful modification of the peptide. The presence of some overlapping signals indicates the presence of mono-acrylated peptide as a side product. The presence of some mono-acrylated product was, however, not expected to impede the consecutive reaction to produce a cross-linked polymer hydrogel (Scheme 1B).
Degradation of hydrogel films monitored by QCM measurements
Microscope images of the films obtained showed an uneven coverage and a local variation in the film thickness (Figure 2). The films were determined to be between 70 nm and 100 nm thick using a surface profiler (Veeco Dektak 3ST). 
The stability of the films and their subsequent degradation in the presence of HNE were studied using quartz crystal microbalance (QCM) measurements. Figure 3 shows that the films were stable in a buffer solution for more than 10 min. Addition of buffer caused a small disturbance in the resonant frequency. This was attributed to a small drop in temperature when the incubator was opened to add solution to the cell. An addition of 10 mg mL-1 BSA to the solution did not cause any additional change in the resonant frequency indicating that the films were not affected by non-specific binding.
Degradation of the peptide hydrogel films was monitored at HNE activities up to 30 U mL-1. This corresponds to the clinically relevant range of HNE found in gingival crevicular fluid when monitoring periodontal disease  ADDIN EN.CITE [25]. Figure 4 shows the change of resonant frequency of hydrogel-coated quartz crystals before and after addition of HNE in the activity range from 0.72 to 30 U mL-1 to the buffer solution. The curves were corrected by subtracting the curve obtained by adding enzyme free buffer shown in Figure 3. Addition of HNE caused a sharp drop in the resonant frequency followed by a slow increase. A blank experiment (Figure 5) with an uncoated quartz crystal showed that the initial drop in resonant frequency was a non-specific response caused by an increase in the viscosity as glycerol was used to stabilize the HNE stock solution. The resonant frequency of the uncoated crystal stayed essentially constant after the initial drop. The comparison of the response of an uncoated crystal and a hydrogel coated crystal (Figure 5) showed that only the increase in resonant frequency after the initial drop could be attributed to the degradation of the films by the enzyme. The action of the enzyme HNE on the peptide hydrogel with the sequence AAPVAAK, before and after degradation is depicted in Scheme 2. Cleavage of the peptide segment afforded straight chains of polyacrylamide molecules containing side groups of the fragmented peptide Y and Z. This straight chain polyacrylamide molecule is soluble in the buffer solution used. It is proposed that cleavage occurred at the C-terminal of the valyl and alanyl residue as determined by several researchers [25, 26].
The initial rates of hydrogel degradation from various concentrations of HNE were determined according to Michaelis-Menten theory, which states that the initial rate of reaction responds linearly to increasing concentrations of enzyme provided the substrate concentration is much larger than the concentration of enzyme [27]. The rate of hydrogel degradation was determined from the gradient of the fitted straight lines measured in the region from 1 to 4 minutes of each curve to obtain a calibration curve. The relationship between the rate of degradation and HNE activity is shown in Figure 6. The rate of degradation increased with HNE activity and tended to saturation at high enzyme activities. 
To obtain information about the film properties during degradation, QCM admittance spectra were fitted using the BVD equivalent circuit [17]. Figure 7 shows changes in the resistance R- usually attributed to changes in the viscoelasticity of thin films and the reactive inductance L – proportional to mass changes of the film before and after exposure to 19 U mL-1 HNE. An initial increase in R and L was observed immediately after HNE addition due to the increase in the viscosity of the solution caused by the presence of glycerol in the enzyme solution. As the hydrogel underwent degradation, only a small decrease in L and therefore the mass of the film was observed, while the decrease in R was more significant. It is assumed that this is caused by the uneven coverage of the quartz crystal with the hydrogel (see Figure 2). Morphologies of the hydrogel films on the quartz resonator before and after HNE degradation were observed by using an Atomic Force Microscope (AFM) in air at 250C. Figures 8a and b show the topography of the film before and after HNE degradation. Before degradation, the surfaces were smooth with some protrusions of up to 1.3 μm thickness distributed unevenly over the whole area (Figure 8a). As the film was likely to be viscoelastic due to swelling, the protrusions were contributing significantly to the damping of the oscillation of the quartz crystal. As shown in Figure 8b, degradation proceeded preferentially at protrusions in the film thereby decreasing R without decreasing the mass of the film (and therefore L) significantly. 
Degradation of hydrogel films monitored by electrochemical impedance measurements
QCM admittance spectra and electrochemical impedance spectra were measured simultaneously during the degradation of the hydrogel films. Figure 9 shows the impedance spectra recorded before and after addition of 30 U mL-1 of HNE. The high frequency region of the spectra shows frequency independent behaviour caused by the electrolyte resistance. The low frequency region indicates capacitive behaviour due to the film capacitance. Addition of HNE solution to the cell caused a sudden increase in the high frequency impedance while the low frequency impedance remained unaffected. It was suspected that this change in the resistance was caused by the glycerol contained in the HNE solution. To confirm this, the experiment was repeated using an uncoated crystal. The impedance spectra before and after HNE addition were fitted using a simple equivalent circuit of a resistor and a constant phase element in series (with the impedance of the constant phase element defined as , where  is the radial frequency, α an exponent describing the deviation from ideal capacitive behaviour and Y is equivalent to the capacitance for values of α close to 1). The exponent α was kept constant at α = 0.91 (the value determined for a peptide hydrogel coated crystal) in order to allow comparison of capacitance values. The results of the fit for coated and uncoated quartz crystals before and after HNE addition are shown in Table 1. There was an increase in R of about 90  after the addition of HNE solution for both coated and uncoated crystals. This confirmed that the increase in R was due to viscosity increase upon glycerol addition. The capacitance of the coated crystal was smaller than that of the uncoated crystal which implied that the coated film had a significant influence on the capacitance. However, the change in capacitance after HNE addition was not significant. Further measurements (results not shown) confirmed that the decreased capacitance of the coated crystal was entirely due the capacitance of the self-assembled monolayer on the gold. Hence it can be concluded that the hydrogel had a similar impedance to the electrolyte solution due to swelling and was therefore invisible to impedance measurements. Incomplete coverage of the hydrogel would also have contributed to this effect.
Conclusions
Polyacrylamide hydrogel films cross-linked with the peptide AAPVAAK were found to undergo degradation in the presence of HNE. QCM was able to detect activities between 0.72 U mL-1 and 30 U mL-1 of HNE, while no significant changes in the electrochemical impedance were observed. The films were not affected by non-specific binding. It is envisaged that the sensor material presented can be adapted for the detection of other proteases by changing the peptide sequence employed as a cross-linker.
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Table 1 Changes of electrolyte resistance and capacitance modelled as a CPE for the addition of 30 U mL-1 of HNE to an uncoated crystal and a crystal coated with the peptide cross-linked hydrogel

	Coated crystals	Uncoated crystals










Scheme and Figure captions
Scheme 1 Formation of peptide cross-linked polyacrylamide hydrogel. A) Synthesis of the peptide cross-linker. i) DIPEA (diisopropylethylamine), DCM/DMF. B) Synthesis of the hydrogel. ii) DMPA (2,2-dimethoxy-2-phenylacetophenone), DMF. iii) UV, 365 nm.
Scheme 2 Degradation of peptide hydrogel from cleavage of the peptide linkage (shown as a solid arrow through the peptide sequence X) by the enzyme HNE to produce straight chains polyacrylamide with side groups of fragmented peptide Y and Z.
Figure 1 1H NMR spectrum of the acryloylated peptide AAPVAAK
Figure 2 Typical microscope image of peptide cross-linked polyacrylamide hydrogel
Figure 3 Resonant frequency changes of hydrogel coated quartz crystals before and after addition of PBS and 10 mg mL-1 BSA in PBS at time = 0 min
Figure 4 Change of resonant frequency with time before and after addition of different HNE activities at time = 0 min: from top (0.72, 2.10, 4.20, 6.30, 13.0, 19.0, 25.0, 30.0) U mL-1 HNE. Resonant frequency shown was corrected against buffer by subtraction.
Figure 5 Change of resonant frequency with time before and after addition of 19 U mL-1 HNE at time = 0 min to a hydrogel coated crystal (dots) and an uncoated crystal (solid line)
Figure 6 Dependence of rate of f increase (d(f)/dt) on HNE concentration. Dashed lines show the 90% confidence interval for sigmoidal fit.
Figure 7 QCM impedance parameters L and R obtained from fitting admittance data to the BVD equivalent circuit. Some 19 U mL-1 HNE was added at time = 0 min. The values shown were corrected against buffer by subtraction.
Figure 8 AFM topographical images (area 100 μm × 100 μm) in air of (a) a quartz crystal coated with hydrogel film (height scale from 0 μm to 1.3 μm) and (b) a quartz crystal coated with hydrogel film after HNE degradation (height scale from 0 μm 1.01 μm). 
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